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Foreword 
We are working with the effects of malathion in aquatic environments by performing a specific case 
study. Malathion is one of the most commonly used pesticides in the world and it is a pesticide with 
a low toxicity against mammals but a high toxicity against insects [Cheminova A/S, 2013]. The 
reason for malathion’s different toxicity towards mammals and insects is differences in its 
metabolism (see supplementary data D). More malathion will be degraded into malaoxon in insects 
than in mammals, and malaoxon is more toxic than malathion.  This wide-range pesticide can be a 
threat to aquatic environments, due to run-off from fields, and imprecise and incorrect use. We have 
chosen to study the effect of malathion on Daphnia magna because it is one of the most common 
organisms to test freshwater pollution. D. magna is a crustaceans, and is important in some food-
chains in freshwater environments. 
We are investigating the effects of the malathion on D. magna by creating a concentration 
response curve using a new scale invented by Ngoc Lam Trac, a Master student in Molecular and 
Environmental Biology at Roskilde University. The scale is more elaborate than the traditional 
immobilization assay and well suited to rate the effect malathion has on D. magna. We will also 
perform an enzyme assay and a protein assay on the surviving D. magna from our concentration 
response  experiment to determine the specific enzyme activity of acetylcholinesterase (AChE) at 
different malathion concentrations. 
If we had had more time, we would have liked to do a recovery experiment to see if there is 
a relationship between enzymatic recovery and the health of D. magna (see supplementary data E). 
We would also have liked to do a gene expression experiment (see supplementary data E) to 
measure the AChE-gene expression at different malathion concentrations. It would also be relevant 
to look into the  expression of the carboxylesterase (CE) gene, since this enzyme  is  important 
enzyme in the metabolism of malathion, and also to compare experimental results from D. magna 
and Daphnia pulex.  
We are following the guidelines from Aquatic Toxicology on how to write our scientific 
paper. 
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Scientific paper  
The neurotoxicity of malathion in Daphnia magna 
Kristian Birk Sørensen, Amir Zoet, Mie Primdahl Nielsen, Kevin Von Heymann-Horan and Tina 
Becher Østerbøg 
 
Abstract: We have investigated effects of malathion on the activity of actylcholinesterase (AChE) 
and ensuing toxicity in D. magna. A concentration-response curve was constructed based on Mr. 
Trac’s new response index, grading the response from no effect (0), inhibition of swimming (1), 
immobilization (2) and killing (3). Further, we measured the enzyme activity for AChE and the 
protein concentration in the enzyme assay at the same malathion concentrations as in the toxicity 
assay to determine the specific enzyme activity for AChE.  The results indicate that the toxic effect 
of the pesticide on D. magna increases as concentration increases, and that the AchE activity in D. 
magna decreases when the animals are exposed to higher malathion concentrations, both when 
expressed as total activity and as specific activity. These results are in agreement with the general 
knowledge about the function of AChE in nerve-muscle signal transmission and the effect of 
organophosphates on AchE. 
Keywords: Daphnia; Malathion; Acetylcholinesterase; Organophosphate 
Introduction 
D. magna have been used to study the toxic effects of organophosphates [Guilhermino et al, 1996, 
Kikuchi et al, 2000]; other studies have investigated the effects that occur specifically in D. magna 
when daphnids are exposed to organophosphates [Gälli et al, 1994, Sturm & Hansen, 1997]. More 
recent experiments have focused on how organophosphates affect D. magna on a genetic level [Liu 
et al, 2012]. We intend to use a novel scheme for classifying the effects of toxic substances on 
organisms. 
The scheme we are using to classify the effects of malathion on D. magna is a new, 4-point 
scale developed by Mr. Ngoc Lam Trac, at Roskilde University. This test is more sensitive in 
measuring immobilization effects than are more traditional toxicity tests [OECD, 2004]. Use of the 
4-point scale will allow us to make differentiations between degree of immobilization not otherwise 
possible when constructing a concentration-response curve, and will allow us to draw stronger 
conclusions when combined with the results of our protein and enzyme assays. 
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In addition to the dose-response curve using Mr. Trac's 4-point scale, we will perform an 
enzyme assay: a photometric method for determination of the enzyme activity in a sample. The 
sample here refers to the proteins obtained from homogenized D. magna that have been exposed to 
malathion. There are two parts in an enzyme assay: the standard curve, where the activity of a 
standard enzyme is measured at different concentrations, and the sample test, which measures the 
activity of the sample's enzymes. We are working with malathion and acetylcholinesterase in our 
project, so the relevant reaction is: 
                                
                                          
                                                 
Higher activity of acetylcholinesterase will result in more production of thiocholine and thereby 
create a absorption in a spectrophotometer. Because malaoxon inhibits AChE, samples obtained 
from daphnids exposed to higher malathion concentrations should convert less acetylthiocholine to 
thiocholine. 
The protein assay is a photometric method that determines the total amount of protein. The 
protein assay contains two parts: the standard curve and the sample test. The protein concentration 
is measured by adding Coomassie Brilliant Blue G-250 to a known concentration or a sample. The 
Coomassie Brilliant Blue G-250 binds to the protein, resulting in a color that can be measured with 
a photospectrometer, with higher absorption  at higher protein concentrations. When combined with 
the enzyme assay, specific enzyme activity can be calculated. Higher malathion concentrations 
should correspond to lower enzyme activity, given the AChE-inhibiting effects of 
malathion/malaoxon. 
Materials and methods 
Dose-response curve 
 M4 Medium (nanopure-water, nutrients, and vitamins) 
 100 µg/mL Malathion 
 Acetone 
 5x6 well plates 
 D. magna (female neonates isolated and grown for 3 days before the experiment) 
Daphnids were placed in malathion solutions of different concentrations and are examined after 24 
hours. The malathion concentrations 2.5, 5, 10, 25, 50 ng/mL, were made by mixing malathion with 
M4 medium and acetone. A control dilution containing only medium and acetone was prepared as 
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well. For each malathion concentration, five wells were filled. To each well were added 5 daphnids. 
The daphnids were inspected visually and classified according to the following scale: 
0. No effect: swimming around in the well, up and down 
1. Small effect: swimming around in circles on the bottom 
2. Immobilized: not swimming, but still alive (moving antennae) 
3. Dead 
Living daphnids were collected and frozen for enzyme assays, while the dead daphnids were 
discarded. 
Enzyme assay 
 Enzyme: acetylcholinesterase from Electrophosus eletricus, lot#021M7025V sigma Aldrich  
 0.6 mg solid, 827 units/mg solid, 1256 units/mg protein. 
 Substrate: acetylthiocholine iodide 
 Reagent: Dithiobisnitrobenzoic acid (DTNB) 
 Buffer: phosphate 0.1 M pH 8 
 Reaction buffer: buffer, substrate and reagent 
 Homogenate D. magna in 0.5 mL H_Buffer in each concentration 
 Multiwell plate 
Electric eel (Electrophorus eletricus) AChE enzyme was used to construct a standard curve. The 
experimental sample enzyme preparations were obtained by homogenizing and centrifuging 20 
daphnids from each malathion concentration exposure from the dose-response curve experiment for 
10 minutes at 10,000g. Standard enzyme dilutions were prepared in the following concentrations: 
0.001, 0.005, 0.01, and 0.025 µg/mL. Standard enzyme dilutions and the samples were added to 
wells in a multiwell plate with  250 µL reaction buffer.  Following incubation for 15 minutes at 
room temperature, thiocholine concentrations are measured with a spectrophotometer (wavelength 
= 405 nm). 
Protein assay 
 Protein: Bovine serum albumin (BSA) 
 0.15M NaCl 
 Reagent: Coomassie Brilliant Blue G-250 (room temperature) 
 Sample: Homogenate D. magna 
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The BSA was mixed with NaCl into different concentrations to construct a standard curve. The 
sample proteins were mixed with Coomassie Brilliant Blue and placed in cuvettes. The optical 
densities were measured after two minutes with a spectrophotometer. 
Results 
Dose-response curve 
We calculated the response index number for each concentration with the following: 
     
                                                        
      
 
This method allowed us to give more weight to the more severe responses. Results were similar for 
all four trials; below is shown one of them. We noticed that for all our experiments, the results 
showed that the daphnids at a concentration of 10 ng/mL had a slightly higher response than at 25 
ng/mL. 
 
Figure 1: shows the relation between the concentration the daphnia were exposed to and the 
corresponding response index. 
Enzyme assay 
We calculated the enzyme activity from our samples measured in μmol/min/mL or units/mL, from 
the absorbance, and then compared this to the absorbance of the standard curve. We made a 
regression line of our data and we used its formula to calculate the concentration in our samples. 
The results are shown in table 1 in the protein assay section. We did not have enough living animals 
for the higher concentrations, so we had to take that into account when calculating the enzyme 
activity in the samples. To do this, we multiplied the results by 20 and divided by the number of 
animals, to be able to compare results with different number of animals. 
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Protein assay 
The amount of proteins in sample was measured to be able to calculate   the specific enzyme 
activity in units/mg. Similar to the enzyme assay, we calculated the protein concentrations in our 
samples, by comparison with the BSA standard curve. As mentioned in the enzyme assay we had to 
take that into account that we did not have enough living animals for the higher concentrations.  
Malathion concentration 
(ng/mL) 
AchE 
(μmol/min/mL) 
Proteins (mg/mL) 
0 0.0107 0.179 
2.5 0.0013 0.221 
5 0.0015 0.261 
10 0.0022 0.395 
25 0.0001 0.277 
50 0.0007 0.353 
Table 1: shows both the Activity of acetylcholinesterase (μmol/min/mL = units/mL) and total 
proteins(mg/mL).  
Specific enzyme activity 
We divided the enzyme activity by the concentration of total proteins, thus obtaining the specific 
enzyme activity in units/mg. Presumably due to an error during preparing the enzyme assay we are 
presenting, our zero sample was inaccurate. Hence we decided to leave out the zero sample. We 
noticed after measurement that the zero sample was not completely homogenized, which is a good 
explanation of why the absorbance of the zero sample was much too high. From our other 
experiments, the zero samples laid in line with the rest of the data, so we feel comfortable with 
removing this point to provide a graph. 
 
Figure 2: shows the specific enzyme activity and the concentration response index on the same 
graph, the zero concentration of our specific activity was excluded because it was not completely 
homogenized. 
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Discussion and conclusion 
The results presented in the dose-response curve indicate that the effectiveness of the malathion 
increases as concentration increases. This is not a surprising result. In all cases, however, malathion 
appears to have been more potent at 10 ng/mL than at higher concentrations. The reason for this 
early peak is unclear. The curve dips only slightly, however, so the results are not so far from what 
had been expected. 
The enzyme assay indicates that the total activity of acetylcholinesterase enzymes in D. 
magna decreased when the animals were exposed to higher malathion concentrations. Again, this is 
an expected result showing that AChE enzymes have been inhibited by malathion. 
Also, the specific activity of acetylcholinesterase enzymes decreased when malathion 
concentrations increased. This is also an expected result. A decrease in AChE activity in response to 
increases in malathion concentration confirms that the AChE-inhibiting effects of malathion are the 
cause of the immobilization and death of the daphnids in the experiment.  
The results of our experiments fit our expectations. Daphnids died when exposed to 
malathion in an aquatic environment. This could have severe outcomes for the ecosystem, as 
daphnids are near the bottom of the food chains of the environments in which they are found. 
Whether or not this is cause for alarm or cause for the use of different pesticides requires further 
research. Subsequent experiments could examine gene expression in D. magna following exposure 
to malathion. Full DNA sequencing of D. magna would be a valuable addition to science. Further 
research on the function of carboxylesterases in D. magna exposed to organophosaphates is an 
excellent topic for further research. 
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Supplementary data A - Daphnia 
Daphnia is a genus of crustaceans that includes the species Daphnia pulex and D. magna, among 
many others [ITIS, 2013]. Also known as "water fleas", Daphnia are aquatic invertebrates that can 
be found throughout the world, primarily in bodies of fresh water such as lakes [Miller, 2000]. 
Daphnia are widely used as test animals. The genome of the species, D. pulex, has been completely 
mapped [McCoole et al, 2012], and Organisation for Economic Co-operation and Development 
(OECD) guidelines mandate tests on D. magna as a part of the OECD Guidelines for the Testing of 
Chemicals [OECD, 2012]. 
 Of the two species, D. pulex and D. magna, D. magna is the larger. D. magna are easy to 
raise in captivity, and reproduce rapidly. They are near the bottom of the food chain in many 
environments, which makes them valuable when studying potentially bioaccumulative substances. 
Furthermore, the carapace of a D. magna is nearly transparent, which makes it possible to observe, 
for example, changes in heart rate using only a light microscope. Because D. magna have been used 
as a test animal in so many experiments testing effective concentrations, it is possible to compare 
results from one experiment to another. 
 Standard OECD experiments exist that measure the concentrations of substances required to 
immobilize daphnids and to affect the reproduction of daphnids [OECD, 2012]. Freshly-hatched 
daphnids (ie not more than 24-hours old) are placed into solutions containing different 
concentrations of the chemical under study. Experiments that use daphnids may test for everything 
from acute, lethal concentrations, in which case it is necessary only to observe the daphnids with the 
naked eye [USEPA, 1987], to experiments that study changes in protein expression in daphnids 
exposed to a chemical. For the latter, daphnids may be homogenized (ground up) for centrifugation 
and protein assay [Yang et al, 2012]. 
Supplementary data B - Nerve transmission to skeletal muscle 
The brain controls movement by sending electrical signals down the nervous system. The process is 
initiated when a neuron receives a signal, which can be one of many small compound hitting a cell 
wall receptor. This leads to an electrical signal transmitted from the sensory or motor neuron via 
axons to the terminal nerve end via action potentials (APs).  The APs are created when voltage 
gated channels allow the exchange of ions, which change the polarization of the membrane [Bassett, 
2005]. Before a signal is sent the membrane voltage, measured in millivolts (mV), is usually around 
-70 mV, and when depolarization occurs the membrane voltage spikes, sometimes higher than 100 
mV. After the spike in voltage the membrane repolarizes due to the efflux/influx of ions e.g. via Na-
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K-ATPase, and eventually levels off to the original resting potential. However, in order for this to 
happen the stimulus, the cause for the excitation of the membrane, must trigger the threshold 
potential. The threshold potential is the voltage the depolarization must reach in order to generate an 
AP. This voltage is around -55 mV. If the depolarization does not reach this threshold the voltage 
will not spike, and an AP will not be generated [Bassett, 2005]. When an AP is generated in a motor 
nerve it propagates along the membrane of the axon until it reaches the neuromuscular junction. 
Here the signal induces release of acetylcholine (ACh) to the synaptic cleft by fusion of ACh 
vesicles with the cell membrane. The ACh hits ACh receptors leading to liberation of intracellular 
calcium, which induces the contraction of a skeletal muscle.  
Daphnia’s nervous system consists of the brain and the ventral nerve cord that connects the 
brain to the appendages and body of the Daphnia. The brain consists of three different parts, the 
protocerebrum, deutocerebrum, and the tritocerebrum. Each part of the brain specializes on 
operating certain parts of the body. The protocerebrum is the largest part of the brain and has 
neuropils, a condensed group of axons and dendrites, that innervate the compound eye through the 
optical neuropils. The deutocerebrum lacks its own structure, and looks like it is part of the 
protocerebrum. However, the amount of nerves that terminate in that part of the brain is so great 
that it is separate from the protocerebrum. The deutocerebrum is connected to the sensory neuropils 
that innervate the antennule. Finally, the tritocerebrum is connected to the ventral cord, and has 
nerves that are connected to the antennal nerves, the labral nerves, and innervates the gut [Weiss et 
al. 2012]. 
 Nerve transmission starts at the brain, and from there the AP is generated through the motor 
neuron or axon. The point where the axon terminal, and muscle fiber meet is called the 
neuromuscular junction (Figure 3). When the action potential reaches the axon terminal the voltage 
opens up voltage-gated channels [Branstrom, 2008]. ACh travels through the synaptic cleft, the 
point between the axon terminal and motor end plate (Figure 3), to an acetylcholine receptor. This 
opens up Na+/K+ chemical-gated channels causing depolarization in the motor end plate. This 
depolarization is propagated along the sarcolemma, the membrane of the muscle fiber.  
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Figure 3: Neuromuscular Junction: Axon of neuron meeting the motor end plate [KCTCS, 2001].  
Supplementary data C - Malathion 
Malathion belongs to the family of organophosphates and is classified as a nervous system-
disrupting organophosphate by the United States Environmental Protection agency [USEPA, 2012]. 
Organophosphates work effectively on insects because they is easily absorbed though skin 
penetration or inhalation [NPIC, 2013]. Malathion has a low toxicity in mammals, but a high 
toxicity in insects. Malathion biodegrades quickly. Common uses of malathion include mosquito 
control and application to crops in order to kill destructive insects. Malathion works by inhibiting 
the action of acetylcholinesterase enzymes (AChEs), and therefore falls into the larger category of 
acetylcholinesterase inhibitors (AChEIs, also known as "cholinesterase inhibitors" and "anti-
cholinesterases"). Organophosphates are irreversible in their inhibition of AChEs [Nishijima et al, 
2012]. 
Acetylcholinesterase inhibitors prevent acetylcholinesterase enzymes from hydrolyzing 
acetylcholine by steric inhibition. By stopping the activity of acetylcholinesterase enzymes, 
acetylcholine neurotransmitters remain in neuromuscular junctions and in synapses, which produces 
the harmful effects of organophosphates: paralyzes and death [Nishijima et al, 2012]. 
Malathion’s legal status 
Malathion is a pesticide that is currently legal in the USA and is being reviewed by the United 
States Environmental Protection Agency (USEPA) for ensuring that malathion is not harmful to 
anything other than the target group [USEPA, 2013].  
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Malathion has been illegal since 2008 in Europe. However, the EU-members did agree to allow 
legalization of malathion in Europe in 2010. United Kingdom is the only country in Europe which 
has re-legalised the use of malathion [PAN 1, 2013] so the production and use of malathion is still 
limited, but it could see more use in the future [Cheminova A/S, 2010]. 
Supplementary data D - Metabolism of malathion  
There are 3 different enzymes involved in the metabolism of malathion in D. magna: 
carboxylesterase (CE), cytochrome P450 (CYP) and other esterase. CE detoxicates malathion by 
catalyzing the hydrolysis of the ester bond between an alcohol and a carboxylic acid, and inhibits 
70-90% of malathion [Casarett et al., 2008]. Esterase catalyzes the hydrolysis of an ester bond 
between alcohols and different acids including sulfuric acid. CYP isoforms are oxidizing enzymes.  
Cytochrome P450 
Cytochrome P450 is a superfamily group of enzymes. The P stands for “pigment” and the number 
signifies the light wavelength of maximum absorption. CYPs contain a heme group, which gives 
the color of the enzyme. Xenobiotic metabolizing CYPs are responsible for metabolizing foreign 
substances. This can lead to toxification (as in the case of malathion → malaoxon or detoxification. 
Xenobiotic metabolizing CYPs are present in the smooth endoplasmic reticulum of eukaryotes 
[Preskorn & Harvey, 2000].  
CYP1A2, CYP2B6 and CYP3A4 are responsible for the conversion of malathion to 
malaoxon via a monooxygenase reaction: a sulphur atom is replaced with an oxygen atom, creating 
malaoxon [Preskorn & Harvey, 2000]. 
The metabolism of malathion 
Malathion can be degraded into different compounds depending on which enzyme metabolizes 
malathion. All the degrading reactions are competitive (figure 4). CE catalyzes the formation of 
malathion dicarboxylic acid (MDA) and ethanol. CYP isoforms create an ester cleavage and create 
dimethyldithiophosphate (DMDTP) and diethyl succinate. Three different CYP isoforms, CYP1A2, 
CYP2B6 and CYP3A4, can degrade malathion to malaoxon by catalyzing the oxidation of 
malathion.  
Malaoxon can be degraded into 2 different compounds: CE catalyses the formation from 
malaoxon to malaoxon dicarboxylic acid with ethanol and an esterase then catalyses the hydrolysis 
of malaoxon to dimethylthiophosphate (DMTP) and diethyl succinate. Isomalathion is created by a 
spontaneous degradation of malathion; this degradation happens when malathion has been in 
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storage for an extended amount of time. Isomalathion is a compound which inhibits CE. Malathion 
can only be degraded into two different compounds when CE is inhibited: DMDTP and malaoxon 
[Hernández et al., 2012].  
 
. 
Figure 4: This picture illustrates the metabolism of malathion. Malathion can be degraded into 4 
different compounds depending on which enzyme it reacts with: malathion dicarboxylic acid (MDA) 
+ ethanol, dimethyldithiophosphate (DMDTP) + diethyl succinate, malaoxon, and isomalathion. 
Isomalthion inhibits the effect of carboxylesterase (CE) and makes the metabolism of malathion to 
malaoxon happen since CE reactions are competitive with cyrochrome p450 (CYP) reactions 
[Hernández et al., 2012]. 
The effect of malaoxon 
Malaoxon can be degraded into DMTP and diethyl succinate, but some organisms (e.g. crustaceans 
and fish) have a low production of the esterase. Because of this, the degradation of malaoxon will 
not happen as frequently. If malaoxon is not degraded is stays at its highly toxic form. Malaoxon is 
toxic because it works as an acetylcholinesterase (AChE) inhibitor which inhibits the hydrolysis of 
acetylcholine (ACh). Malaoxon inhibits AChE by binding to AChE’s active site and 
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phosphorylating the enzyme [Barata et al., 2004]. When AChE is inhibited, and accumulation of 
Ach will occur that can lead to paralysis and death [Hernández et al., 2012].  
Malathion resistance 
Organisms have been shown to develop resistance to organophosphates [Cui et al, 2007]. Exposure 
to organophosphates puts selective pressure on animals, so that those with unusually active CEs or 
higher levels of CE expression will survive and reproduce. Resistance to organophosphates may 
take the form of metabolic resistance or receptor-mediated resistance. In the case of metabolic 
resistance to malathion, carboxylesterases out-compete CYP for metabolism of malathion. Other 
enzymes, such as glutathione S-transferases (GSTs) also contribute to metabolic resistance 
[Hemingway et al, 2004] by detoxifying toxic substances. Receptor-mediated resistance occurs 
from changes in AChE molecules that prevent their phosphorylation by organophosphates. Fruit 
flies (Drosophila melanogaster) have been shown to experience genetic changes in response to 
organophosphate exposure that result in organophosphate-resistant AChE [Mutero et al, 1994]. 
Some D. magna populations have been shown to exhibit metabolic organophosphate resistance 
[Damasio et al, 2007]. Because killing daphnids with organophosphate pesticides is generally not 
the desired outcome in the real world, a tendency of daphnid populations to develop resistance to, 
for example, malathion through increased CE expression should be seen as a positive development. 
Supplementary data E - Toxicology and ecotoxicology 
Compared to human toxicology, ecotoxicology is a rather new discipline, built on the methods and 
concepts developed in human toxicology. Human toxicology aims at protecting the most sensitive 
individuals, e.g. children, the old, diseased, and fetuses, by setting exposure limits allowing less 
than one death per one million exposed. The aim of ecotoxicology is to protect the integrity of 
ecosystems by setting exposure limits protecting 95% or more of all species. If a key species is 
harmed, a lower limit will be set protecting that species. Human toxicology will not allow deaths, 
but in ecotoxicology, high mortality in a species due to exposure is acceptable, granted the species 
is able to rapidly recover to the pre-exposure population size. 
Acute exposure is the exposure to a single, possibly lethal dose of a chemical. Acute 
exposure can cause long lasting harm [Gilbert, 2012]. Chronic exposure is a repetitive exposure for 
a long period of time. The symptoms will show slowly and it is normally a subtle killer because the 
exposed will not notice the changes in the same manner as in acute exposure, where the symptoms 
would for most chemicals show rapidly [Gilbert, 2012]. 
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Ecotoxicology  
Ecotoxicology is a specific research within environmental toxicology. By using ecotoxicology as a 
research field the main focus is on researching the population, community and the environment for 
biological organisms. Ecotoxicology can be used to research chemical pollutions in environments, 
though it is not just the environments that are focused on. Researchers within ecotoxicology also do 
studies on the biological organisms on a cellular level and below that. 
For example if there is an environment that is suspected of pollution the areas that will be 
studied is the environmental area like dirt, soil, water and so on. There will also be studies on the 
biological organisms in the suspected polluted area [Casarett et al. 2008].  
Quantitative toxicology 
In our experiment we performed 2 analyses: A dose-response analysis of the toxicity of malathion, 
and an enzyme assay to quantify the effect of exposure on enzyme activity. 
The relationship between dose and effect for a toxin is studied in groups of animals (often 
mice or rats)  given doses of increasing size, and recording the response in the groups, either a 
certain toxic sign, mortality or decrease in a specific enzyme activity (figure 5). 
 
Figure 5:  Sigmoid dose-response curve. 
http://www.learner.org/courses/envsci/visual/visual.php?shortname=paraquat.] 
If we had had the time we would have liked to have performed a recovery experiment to see 
if there is a relationship between enzymatic recovery and the health of D. magna by measuring the 
enzyme activity of AChE at different times after an exposure [Barata et al, 2004]. In the experiment 
we would have exposed D. magna to malathion for e.g. 24 hours. After the 24 hours daphnids 
would be transferred to a clean medium for e.g. 24 hours, 48 hours, 72 hours and 96 hours. We 
Page 17 
 
could also look at the enzyme recovery of CE and take all three different variables into account for 
a discussion of the results. 
The original plan for our project was to also quantify gene expression from mRNA; 
however, due to obstacles in our other experiments we did not have enough time to perform this 
experiment. If we did have enough time we would have used quantitative real time polymerase 
chain reaction (Q-PCR). Q-PCR can amplify and quantify mRNA molecules. However, PCR is 
used to quantify DNA molecules, so for mRNA based experiments we must go through a reverse 
transcription phase to convert mRNA to complementary DNA (cDNA). Then primers are used to 
label the gene which expression shall be quantified; in this case the acetylcholinesterase (AChE) 
gene. A buffer solution, deoxyribonucleotides, a fluorophore, and a thermo stable DNA polymerase 
enzyme are also needed. A fluorophore is a substance that re-emits light when a specific wavelength 
excites it. These materials are put into a thermal cycler that has sensors for detecting the light the 
fluorophore gives of, as well as the ability to alternate temperature, which is needed to create copies 
of the cDNA. To get an accurate quantification of mRNA a reference gene, or housekeeping gene, 
must be used to get a standard. In most cases beta-actin mRNA gene or rRNA genes are used 
because hese genes are constitutively expressed in most cells, accordingly beta-actin mRNA and 
rRNA would be present in constant numbers.  
 Supplementary data F - Word list 
Acethylcholinesterase (AChE) 
AChE is an enzyme that hydrolyzes the neurotransmitter acetylcholine. 
Carboxylesterase (CE) 
CE is an enzyme that hydrolyzes carboxylic esters into an alcohol and a carboxylic acid. 
Cytochrome p450 (CYP) 
CYP is a group of enzymes that catalyze the oxidation of organic substances (e.g. toxic chemicals). 
Malaoxon 
Malaoxon is the oxidized product of malathion. Malaoxon is the most toxic state of malathion 
because it is an AChE inhibitor. 
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Malathion 
Malathion is an organophosphorus insecticide. It works by 
binding to AChE. 
Figure 6: molecular structure of malathion [PAN 2, 2013] 
Organophosphate  
Organophosphates inactivate the acetylcholinesterase by binding to the active site, which then 
results in a stable inactivated enzyme. This reaction with the active site, serine hydroxyl, cannot be 
undone. This toxic reaction is persistent and can take up to a month to be neutralized so that the 
neurotransmitter acetylcholine is no longer present in excessive amounts. 
Steric inhibition 
Steric inhibition occurs when the large size of groups within a molecule prevents chemical 
reactions. 
Xenobiotic 
A xenobiotic chemical is found in an organism that is normally not produced or found in the 
organism 
Supplementary data G - Data 
Concentration-response curve 
FLOW CHART 
1. Dilute the malathion in medium and acetone 2.5, 5, 10, 25, 50 ng/mL (50 ng/mL is without 
acetone) 
2. Make a control of only medium and acetone 
3. Add 10 mL dilution in each well (same dilution in 5 wells) do this for all 6 dilutions 
4. Add 5 D. magna in each well 
5. Put the well plates in the culture room at 20oC for 24 hours 
6. Rate the daphnids on our ration scale 
0. No effect, swimming around in the well, up and down 
1. Small effect, swimming around in circles on the bottom 
2. Immobilized, not swimming, but they are still alive (moving their antennas) 
3. Dead 
7. Collect the same amount of living daphnids for each concentration and freeze them until 
making the enzyme assay and protein assay  
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RESULTS 
First experiment 
Concentration of 
malathion 
Trial 1 Trial 2 Trial 3 Trial 4 Average number  
Control 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.00 
2.5 ng/mL 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.00 
5 ng/mL 1 1 2 2 2 1 1 2 2 2 1 1 1 1 2 1 1 1 1 2 1.40 
10 ng/mL 1 2 2 2 3 1 3 3 3 3 1 3 3 3 3 1 2 3 3 3 2.40 
25 ng/mL 3 3 3 3 3  1 1 3 3 3 1 2 3 3 3 1 1 1 1 2 2.20 
50 ng/mL 1 1 2 3 3 1 2 2 3 3 1 1 2 2 3 1 2 2 3 3 2.05 
Second experiment 
Control 0 0 0 0 0  0 0 0 0 0  0 0 0 0 0  0 0 0 0 0  0.00 
2.5 ng/mL 0 0 0 0 0  0 0 0 0 0  0 0 0 0 0  0 0 0 0 2 0.10 
5 ng/mL 0 0 1 1 3 0 0 0 1 1 0 0 1 1 1 1 1 1 2 2 0.85 
10 ng/mL 0 1 2 3 3 1 2 2 2 3 1 1 2 2 3 1 1 2 3 3  1.90 
25 ng/mL 1 1 2 3 3  1 1 1 2 3 1 1 2 2 2  1 1 1 1 3 1.65 
50 ng/mL 1 2 2 3 3  2 2 2 3 3 2 2 2 3 3  2 3 3 3 3 2.45 
Third experiment – trial 1 
Control 0 0 0 0 0  0 0 0 0 0  0 0 0 0 0  0 0 0 0 0  0.00 
2.5 ng/mL 0 0 0 0 0  0 0 0 0 0  0 0 0 0 1 0 0 1 1 1 0.20 
5 ng/mL 1 1 1 1 1 0 0 1 1 3 1 1 2 2 3 1 1 1 1 1 1.20 
10 ng/mL 1 1 1 1 3 1 1 2 2 3 1 1 1 3 3 1 1 1 1 3 1.60 
25 ng/mL 1 1 1 1 1  1 1 1 1 3 1 1 1 1 2  1 1 1 2 3  1.30 
50 ng/mL 1 1 1 2 2  1 1 1 3 3 1 1 1 2 3 1 1 1 2 3 1.65 
Third experiment – trial 2 
Control 0 0 0 0 0  0 0 0 0 0  0 0 0 0 0  0 0 0 0 0  0.00 
2.5 ng/mL 0 0 0 1 3 0 0 0 2 2 0 0 0 2 3 1 1 1 2 3 0.95 
5 ng/mL 1 1 1 1 3 0 1 1 3 3  1 1 1 1 3 1 1 1 1 2 1.40 
10 ng/mL 1 1 1 2 3 1 1 1 2 3 1 1 1 1 3 1 1 1 3 3  1.65 
25 ng/mL 1 1 2 2 3 1 1 1 3 3  1 1 1 1 3 1 1 1 2 2  1.60 
50 ng/mL 1 1 1 2 3  1 1 2 2 3 1 1 1 1 1  1 1 1 3 3 1.60 
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The amount of daphnids which got frozen from the:  
Malathion 
concentration 
Second 
experiment 
Third 
experiment 
(batch 1) 
Third 
experiment 
(batch 2) 
Lam’s batch 
1 
Lam’s batch 
2 
Control 20 20 20 20 20 
2.5 ng/mL 17 20 16 20 20 
5 ng/mL 19 20 15 20 20 
10 ng/mL 14 20 10 20 7 
25 ng/mL 16 20 13 20 7 
50 ng/mL 10 20 12 20 5 
 
Enzyme assay 
Before doing the assays homogenate the frozen D. magna from our concentration-response curve 
experiment. After the homogenization, centrifuge the tubes for 10 min at 10000g. 
FLOW CHART 
1. Dilute enzyme in water; 0.001, 0.005, 0.01, 0.025, 0.05, 0.1 units/mL 
2. Reaction buffer: mix 15 mL buffer, 100 µL substrate and 500 µL reagent 
3. Add 250 µL reaction buffer and 100 µL enzyme to each well 
4. Add 250 µL reaction buffer and 100 µL daphnia sample from different malathion 
concentrations to each well 
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Standard D. magna 
Reaction buffer Reaction buffer  
Reaction buffer + enzyme dilution at c = 0.001 Reaction buffer + D. magna from c = 0 ng/mL 
Reaction buffer + enzyme dilution at c = 0.005 Reaction buffer + D. magna from c = 2.5 ng/mL 
Reaction buffer + enzyme dilution at c = 0.01 Reaction buffer + D. magna from c = 5 ng/mL 
Reaction buffer + enzyme dilution at c = 0.025 Reaction buffer + D. magna from c = 10 ng/mL 
Reaction buffer + enzyme dilution at c = 0.05 Reaction buffer + D. magna from c = 25 ng/mL 
Reaction buffer + enzyme dilution at c = 0.1 Reaction buffer + D. magna from c = 50 ng/mL 
 
5. Incubate our sample for 15 min at room temperature in the dark 
6. Measure absorbance in photo spectrometer at wavelength 405nm  
RESULTS STANDARD CURVE 
Absorbance measured at 405 nm after 20 min 
 Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7 
Reaction buffer 0.035 0.009 0.010 0.003 0.003 0 -0.003 
Reaction buffer + 0.001 0.072 0.018 0.026 0.013 0.014 0.034 0.051 
Reaction buffer + 0.005 0.231 0.062 0.082 0.028 0.035 0.18 0.225 
Reaction buffer + 0.01 1.157 0.252 0.328 0.174 0.218 0.34 0.427 
Reaction buffer + 0.025 2.056 0.754 0.982 0.574 0.721 0.841 1.012 
Reaction buffer + 0.05 0.436 1.602 2.072 1.310 1.651   
Reaction buffer + 0.1 3.538 2.814 3.389 2.170 2.680   
We did the standard curve for the enzyme assay 7 times, and the best curve at trial 6  
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RESULTS ENZYME ASSAY 
We are using the daphnids from the second concentration experiment in trial 1. 
We used daphnids from batch 1 from the third concentration experiment in trial 2,3,4,5  
We used daphnids from lam’s batch 2 from the third concentration experiment in trial 6 and 7 
Absorbance measured at 405 nm after 20 min 
Daphnia magna Trial 1 Trial 2 Trial 3 
 
Trial 4 Trial 5 Trial 6 Trial 7 
Reaction buffer  + 
100µL H_buffer (blank) 
0.033 -0.009 -0.010 -0.003 -0.003 0.001 0.003 
Reaction buffer + D. 
magna from c = 0 ng/mL 
0.263 0.137 0.156 0.304 0.346 0.108 0.448 
Reaction buffer + D. 
magna from c = 
2.5ng/mL 
0.281 0.086 0.094 0.105 0.111 0.05 0.072 
Reaction buffer + D. 
magna from c = 5 ng/mL 
0.154 0.057 0.057 0.064 0.063 0.055 0.082 
Reaction buffer + D. 
magna from c = 10 
ng/mL 
0.100 0.054 0.053 0.075 0.074 0.035 0.052 
Reaction buffer + D. 
magna from c = 25 
ng/mL 
0.129 0.054 0.056 0.074 0.073 0.012 0.022 
Reaction buffer + D. 
magna from c = 50 
ng/mL 
0.113 0.056 0.057 0.079 0.076 0.001 0.028 
 
We got some very low absorbance in some of the trials compared to the standard curve, but it was 
because the daphnids was on ice and the standard hadn’t been on ice. The best enzyme assays were 
from trial 6 and 7. 
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Trial 6 
 
 
Trial 7 
 
Protein assay 
FLOW CHART 
1. Make protein dilutions in 0.15M NaCl; 50, 100, 200, 400, 1000 µg/mL 
2. Dilute sample by factor 5 
3. Mix 1 mL reagent to 0.1 mL protein 
4. Mix 1.5 mL reagent to 0.15 mL diluted sample 
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Standard D. magna 
Reagent + 0.1 mL 0.15M NaCl Reagent + D. magna from c = 0 ng/mL 
Reagent + Protein c = 50 µg/mL Reagent + D. magna from c = 2.5 ng/mL 
Reagent + Protein c = 100 µg/mL Reagent + D. magna from c = 5 ng/mL 
Reagent + Protein c = 200 µg/mL Reagent + D. magna from c = 10 ng/mL 
Reagent + Protein c = 400 µg/mL Reagent + D. magna from c = 25 ng/mL 
Reagent + Protein c = 1000 µg/mL Reagent + D. magna from c = 50 ng/mL 
5. Incubate for 2 min at room temperature  
6. Transfer all to cuvettes  
7. Measure absorbance in photo spectrometer at wavelength 595nm  
RESULTS STANDARD CURVE 
 Trial 1 Trial 2 Trial 3 
Reagent + 0.1 mL 0.15M NaCl Control test Control test Control test 
Reagent + Protein c = 50 µg/mL 0.027 0.016 0.007 
Reagent + Protein c = 100 µg/mL 0.034 0.032 0.010 
Reagent + Protein c = 200 µg/mL 0.061 0.040 -0.010 
Reagent + Protein c = 400 µg/mL 0.091 0.054 0.052 
Reagent + Protein c = 1000 µg/mL 0.151 0.086 0.070 
 
 Trial 4 Trial 5 
Reagent + 0.1 mL 0.15M NaCl Control test Control test 
Reagent + Protein c = 10 µg/mL 0.038 - 
Reagent + Protein c = 50 µg/mL 0.116 0.085 
Reagent + Protein c = 100 µg/mL 0.171 0.174 
Reagent + Protein c = 250 µg/mL 0.390 0.365 
 
We did not get a valid standard curve until trial 4 and 5 because the Coomassie Brilliant Blue G-250 
that we used might have been too old or too cold. 
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Trial 5 
 
RESULTS PROTEIN ASSAY 
We used Daphnids from concentration respond curve experiment 2 is dilute by factor 10 in trial 1. 
We used Daphnids from Lam’s batch 2 from concentration respond curve, and is undiluted in trial 2 
We used Daphnids from Lam’s batch 1 from concentration respond curve, and is diluted by factor 5 
in trial 3 
 Trial 1 Trial 2 Trial 3 
Reagent + D. magna from c = 0 ng/mL 0.026 0.151 0.025 
Reagent + D. magna from c = 2.5ng/mL 0.056 0.180 0.031 
Reagent + D. magna from c = 5 ng/mL 0.001 0.208 0.023 
Reagent + D. magna from c = 10 ng/mL 0.011 0.122 0.023 
Reagent + D. magna from c = 25 ng/mL 0.010 0.093 0.006 
Reagent + D. magna from c = 50 ng/mL 0.012 0.087 0.019 
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Calculation of specific activity of AChE 
We made an enzyme standard curve from trial 6 and by using this formula to calculate the enzyme 
activity (μmol/min/mL = units/mL) of our samples from trial 7 in 1 mL: 
                                                          
              
                 
        
                  
 
We multiply with 20 and divided by “amounts of animals” to compensate for the missing animals in 
some of the samples. 
Malathion 
concentration (ng/mL) 
Amount of alive 
daphnia 
Absorbance measured AChE activity 
(μmol/min/mL) 
0 20 0.448 0.0107 
2.5 20 0.072 0.0013 
5 20 0.082 0.0015 
10 7 0.053 0.0022 
25 7 0.022 0.0001 
50 5 0.028 0.0007 
The amount of total proteins in 1 mL for each of the samples has to be calculated in order to find 
the specific activity in μmol/min/mL. We are using the formula in our protein standard curve from 
trial 5, to find the concentration of proteins from trial 2.  
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We multiply with 2 because the samples were only 0.5 mL and we would like the results to be in 
one mL. We multiply with 20 and divided by “amounts of animals” to compensate for the missing 
animals in some of the samples. 
Malathion concentration 
(ng/mL) 
Amount of alive 
daphnia 
Absorbance measured  Proteins (μg/mL) 
0 20 0.151 179.7 
2.5 20 0.180 221.1 
5 20 0.208 261.1 
10 7 0.122 395.1 
25 7 0.093 276.7 
50 5 0.087 353.1 
 
                  
    
       
 
Malathion concentration 
(ng/mL) 
AchE 
(μmol/min/mL) 
Proteins (mg/mL) Specific 
activity(μmol/min/mg) 
0 0.0107 0.179 0.0598 
2.5 0.0013 0.221 0.0059 
5 0.0015 0.261 0.0057 
10 0.0022 0.395 0.0056 
25 0.0001 0.277 0.0004 
50 0.0007 0.353 0.0020 
Dilutions 
CONCENTRATION RESPOND CURVE 
We got handed the malathion diluted in water and acetone with the concentration 100 µg/mL, this 
we diluted by a factor 100, so the concentration was 1 µg/mL. We are making 100 mL of each 
dilution in medium. The medium we will be using in concentration 0, 2.5, 5, 10 and 25 will have 
acetone in it. There is going to be added 5 µL acetone in 1 litre of medium.   
Concentration Malathion dilution 
1 µg/mL 1 mL of 100 µg/mL dilution 
2.5 ng/mL 250 µL of 1 µg/mL dilution 
5 ng/mL 500 µL of 1 µg/mL dilution 
10 ng/mL 1 mL of 1 µg/mL dilution 
25 ng/mL 2.5 mL of 1 µg/mL dilution 
50 ng/mL 5 mL of 1 µg/mL dilution 
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ENZYME ASSAY 
We got handed the enzyme diluted in water with the concentration 1000 units/mL. We are making 1 
mL of each dilution. 
Concentration AchE dilution Water  
10 units/mL 10 µL of 1000 units/mL dilution 990 µL 
1 units/mL 100 µL of 10 units/mL dilution 900 µL 
0.1 units/mL 100 µL of 1 units/mL dilution 900 µL 
0.05 units/mL 50 µL of 1 units/mL dilution 950 µL 
0.025 units/mL 25 µL of 1 units/mL dilution 975 µL 
0.01 units/mL 10 µL of 1 units/mL dilution 990 µL 
0.005 units/mL 50 µL of 0.1 units/mL dilution 950 µL 
0.001 units/mL 100 µL of 0.01 units/mL dilution 900 µL 
 
PROTEIN ASSAY 
We got handed the BSA diluted in NaCl with the concentration 100,000 µg/mL (1%). we are 
making 10 mL of the 0.1% dilution in 0.15  NaCl, the rest of the dilutions are made in a final 
volume of 25 mL in NaCl. 
Concentration BSA 
10,000 µg/mL (0.1%) 1 mL 1% BSA 
1000 µg/mL (0.01%) 2.5 mL 0.1% BSA 
400 µg/mL 1 mL 0.1% BSA 
200 µg/mL 500 µL 0.1% BSA 
100 µg/mL 250 µL 0.1% BSA 
50 µg/mL 1.25 mL 0.01% BSA 
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